Scanning X-ray microscopy focuses radiation to a small spot and probes the sample by raster scanning. It allows information to be obtained from secondary signals such as X-ray fluorescence, which yields an elemental mapping of the sample not available in full-field imaging. The analysis and interpretation from these secondary signals can be considerably enhanced if these data are coupled with structural information from transmission imaging. However, absorption often is negligible and phase contrast has not been easily available. Originally introduced with visible light, Zernike phase contrast 1 is a well-established technique in full-field X-ray microscopes for visualization of weakly absorbing samples 2-7 . On the basis of reciprocity, we demonstrate the implementation of Zernike phase contrast in scanning X-ray microscopy, revealing structural detail simultaneously with hard-X-ray trace-element measurements. The method is straightforward to implement without significant influence on the resolution of the fluorescence images and delivers complementary information. We show images of biological specimens that clearly demonstrate the advantage of correlating morphology with elemental information.
community that this relationship signifies the equivalence of full-field and scanning transmission microscopes [10] [11] [12] . On this basis, the concept of Zernike imaging in a scanning microscope was considered by Wilson and Sheppard 13 and Siegel et al. 14 ; however, no detailed treatment or implementation has been reported so far.
The equivalence of full-field and scanned Zernike imaging is illustrated in Fig. 2 . In full-field imaging a condenser illuminates the object of interest; the transmitted light gets collected by the objective lens to form an image in the detector plane. A phase ring in the condenser's conjugate plane (given through the lens law) provides the necessary phase shift for Zernike's method of phase contrast. In the scanning case the propagation direction gets reversed and the image point takes the role of the source illuminating the objective lens, which then focuses the light to a spot through which the sample is raster scanned. The detected intensity for each point of the scan forms the image. To realize Zernike phase contrast in this case a phase ring is placed in front of the objective, and sensitivity to the object's phase modulation is then given by using an annular detector in the conjugate plane of the phase ring. Note, that the principle of phase advance and the subsequent sensitivity to the phase shift introduced by the specimen is the same for both cases, which are theoretically completely equivalent for on-axis image points. For the very extreme cases of strong absorbing and phase shifting specimens or infinitely thick phase rings (corresponding to dark-field imaging) differences might be noticeable but are beyond the scope of this manuscript (see Supplementary Information for a brief discussion).
Following the above scheme, we implemented the method into the scanning hard-X-ray fluorescence beamline 2-ID-E at the Advanced Photon Source at Argonne National Laboratory. Hard-X-ray fluorescence microscopy is an excellent tool for mapping and quantification of elements down to trace amounts with many applications in the biological and medical sciences 15, 16 . It also represents a valuable case study of our proposed technique, because at the X-ray energies needed for fluorescence of trace elements (5-50 keV), bulk biological material (which mainly consists of light elements) has a low fluorescence yield and shows little to no absorption contrast. Therefore, other means are required to image the structural information of the specimen.
The microscope at beamline 2-ID-E uses a Fresnel zone plate as an objective lens to focus 10 keV X-rays onto the sample. A silicon-drift-type energy-dispersive detector is used to collect the emitted fluorescence photons from the sample for each raster scan point. The phase ring required for scanning Zernike microscopy was fabricated out of gold with a thickness of 3.5 µm to produce a 3π/2 phase shift at 10 keV. Given the amount of phase shift the final result represents a negative Zernike phase-contrast image; that is, structures with positive phase shift appear dark. This has been chosen to most closely represent the appearance of absorption contrast. An existing high-speed multi-segment detector 17 was slightly modified to realize an annular match to the projection of the phase ring (see Supplementary Information). However, any large-area detector may be used provided that it is masked with an appropriate annular aperture. Removal of the phase ring and use of all detector segments allows direct comparison to absorption contrast.
To evaluate the basic imaging properties of the method, we first imaged a Siemens star test pattern made of 700-nm-thick gold. In Fig. 3a ,b we show scanning images obtained in Zernike phase contrast and absorption contrast, respectively. These images were acquired using a Fresnel zone plate with an outermost zone width of 100 nm and thus a theoretical spot size and Rayleigh resolution of 122 nm assuming fully coherent illumination of the zone plate and a large-area detector (incoherent detection). (ref. 18 ) with an imaging resolution of 100 nm (see the Methods section). Distinctly resolved in both Zernike images are the 100 nm linewidths (second ring from the centre). In the scanning Zernike image the resolution was limited by the finite and asymmetric X-ray source size, which is larger in the horizontal direction and causes the difference between horizontal and vertical feature resolution. A 15
• pretilt around the vertical axis of the specimen that is necessary for the fluorescence mode of the microscope increases this effect. Additionally, the scanned absorption image has a significant dark-field contribution, which degrades the image resolution. Note that both Zernike cases show an improved contrast (scanning: 17.3%, full-field: 9.2%) to their respective absorption images (scanning: 4.1%, full-field: 4.9%), as expected. Images of other test structures also show the expected imaging properties and contrast enhancement of weakly absorbing structures in the Zernike imaging mode (see Supplementary Information) .
The addition of phase-contrast capability to the scanning microscope is especially useful if its optical performance in other modes is preserved. For X-ray microprobes, this requires the intensity profile in the focal plane (point spread function) to remain largely unmodified so that the absorption and thus trace-element fluorescence optical response remains unchanged. In Fig. 4a we show the simulated intensity point spread function (PSF) for a zone plate including a central stop without and with a Zernike phase ring in place. Considering the fractional area of the total objective pupil shadowed by the partially absorbing phase ring, the total intensity that gets focused by the objective and reaches the focal plane is reduced by only 2%. The intensity in the central maximum of the PSF shown in the wavefield simulation of Fig. 4a is reduced by 9% compared with the case without a phase ring. This is due to the redistribution of intensity into the side lobes of the PSF, giving rise to a small (7%) d.c. offset of the scanning signal, which is similar to the experimental background in most cases. The shape of the central peak, in particular the position of the first minimum, is unchanged, leading to no loss in imaging resolution. provide confirmation that the trace-element mapping performance of the system is not significantly compromised by the addition of Zernike phase-contrast capability for transmission imaging.
Zernike phase contrast provides especially significant benefits when studying biological specimens in an X-ray microprobe. In Fig. 5 we show an example of a freshwater flagellate Cryptomonas imaged with 10 keV X-rays. The unique and rich internal structure of this organism makes it particularly interesting for study. The scanning Zernike image (Fig. 5a) shows a detailed representation of the specimen including internal organelles, whereas the standard absorption image (Fig. 5a inset) has no contrast. We can identify the two flagella (whiplike appendages) of the cell in the Zernike image, which show up only faintly in the sulphur fluorescence (Fig. 5c) . A dense feature is also apparent in the Zernike image at the leftmost tip of the cell where the contractile vacuole is typically located. Several phosphorous-rich features within the rightmost section of the cell correspond to the typical location of the nucleus, which in this case may be in the process of mitotic division. Smaller P-rich bodies may represent the nucleomorphs that are present in chloroplasts of these organisms. A magnified subregion is also shown in Fig. 5a,b , accentuating what appear to be two larger organelles in the Zernike image, of which only one shows P content. All of this demonstrates the added informational content from the scanning Zernike image, which allows the element-selective features to be put in an overall structural context. The sensitivity of the technique in our experiment can be estimated from the visibility of the flagella; these structures have an approximate thickness of 100-200 nm, which at the given X-ray energy translates into a phase sensitivity of up to π/220 or 0.015 rad.
The obvious advantage of scanning Zernike phase-contrast imaging lies in the simplicity of the set-up and straightforward correspondence of the image to the sample density. Other methods of phase contrast in scanned imaging have been developed previously. In particular for scanning X-ray microscopes, differential phase contrast (DPC) has been an emerging and popular technique 17 . DPC is a qualitative contrast mechanism with the resulting image being a representation of the one-dimensional derivative of the specimen phase distribution. Hence, raw images are difficult to interpret and an additional step of image reconstruction 19, 20 is required to yield the true specimen phase information. We expect that in terms of sensitivity both phase imaging approaches behave identically. As far as resolution is concerned, in the Zernike case the annular detector is smaller than the full numerical aperture of the objective, leading to a slight decrease in resolution of the transmission image; on the other hand, the reconstruction step required for DPC represents an effective smoothing of the image that can also affect resolution negatively in the presence of noise. The potential combination of both approaches as differential Zernike phase contrast might pose an interesting future imaging possibility but is beyond the scope of this work.
We expect the described scanning Zernike phase-contrast method to find impact and application not only in scanning X-ray microscopes but also in instruments using other types of radiation.
Methods
The X-rays were focused with a Fresnel zone plate ZP100-160-16 (Xradia), with an outermost zone width of 100 nm, a diameter of 160 µm and a thickness of 1,600 nm. To isolate the first-order focus of the zone plate, a central stop with 40 µm diameter and an order-sorting aperture with 25 µm diameter were used.
The phase ring was fabricated by using electron beam lithography to pattern an annulus of 75 µm inner and 85 µm outer diameter on a silicon nitride window. Gold was electroplated to a thickness of 3.52 µm.
Full-field images were obtained using a nanoXCT X-ray microscope (Xradia) in the large-field-of-view mode with a rotating-anode source providing 8 keV Cu-Kα X-rays. A zone plate with 320 µm diameter and 30 nm outermost zone width was used; the resolution of the microscope is limited by chromatic aberrations to approximately 100 nm.
X-ray fluorescence was detected with a Vortex-EM (SII NanoTechnology). The annular detection was realized with a custom-built segmented photodiode detector 17 , which possesses an annular segmentation. An additional stop with 160 µm diameter was used in front of the detector to mask the annular detector segment optimally to the projection of the phase ring.
Further information about the set-up and detection scheme is available in the Supplementary Information.
The gold test pattern was of the type X50-30-7 (Xradia), having a smallest feature size of 50 nm with an overall thickness of 700 nm.
All scanning images were recorded with a dwell time of 100 ms per pixel and a step size of 100 nm.
The contrast for Fig. 3 was calculated using (Max − Min)/(Max + Min) of the line-outs indicated in the image.
In Fig. 5 , dark pixels (no intensity) resulting from synchrotron top-off events (18 in total) have been removed on a single-pixel basis from the images, by replacing their respective value with the average value of the neighbouring pixels.
Cells of Cryptomonas erosa Ehrenberg were grown for 4 days under a 14 h:10 h light/dark cycle at 16
• C in sterile WCL1 medium made from milli-Q water 21 . Photosynthetically active radiation during light periods was maintained at 150-250 uEin m −2 s −1 using two cool white 20 W fluorescent bulbs. Samples were prepared by preserving cells with a 0.25% glutaraldehyde (EM grade) solution and drying media containing preserved cells onto Au London Finder transmission electron microscopy grids.
